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Introduction
Phospholipids are biological amphiphiles consisting of two hydrophobic tails and a hydrophilic head group that self-assemble into a characteristic bilayer structure in water. The lipid bilayer is one of the primary components of the cell membrane and is critical for regulating transport into and out of the cell. For example, the low dielectric constant of the hydrophobic tail region minimizes the passive diffusion of water, ions, and other small hydrophilic molecules through the membrane. As a result, water-soluble molecules are often encapsulated within lipid vesicles to facilitate intra-and extracellular trafficking. The exchange of molecules between such vesicles, or between vesicles and other lipid-bound compartments, occurs after membrane fusion. In this process, two lipid bilayers merge to form a single connected structure that allows the mixing of contents from the previously distinct compartments. Fusion between lipid vesicles is one of the primary mechanisms for the transport of hydrophilic small molecules, lipids, or proteins throughout the cell; for example, endosomes containing internalized material will fuse with endosomal sorting complexes as part of a recycling pathway.
2 Similarly, fusion between internal vesicles and the outer membrane triggers the secretion of soluble proteins to the extracellular environment during exocytosis and is necessary for the transport of neurotransmitters at synapses. 3, 4 These biological fusion processes are generally accelerated by membrane-bound SNARE proteins from opposing membranes forming a supramolecular complex that facilitates membrane proximity and enables lipid mixing to drive stalk formation and membrane fusion.
5,6
Given the biological relevance of membrane fusion, there has been significant work aimed at understanding its physical mechanism. The generally accepted fusion pathway involves three intermediate states with corresponding energy barriers. [7] [8] [9] First, two bilayers must approach within a distance of approximately 0.9 nm, 10 which requires overcoming a repulsive hydration force associated with dehydrating the intervening solvent region. [10] [11] [12] Next, contact between hydrophobic lipid tails in the two apposed bilayers nucleates the formation of a lipid stalk, or a highly curved lipid bridge formed from the mixture of the two proximal lipid monolayers. 13, 14 The stalk then radially expands into a hemifusion intermediate to reduce the bending energy of the disrupted lipids.
7,15
Finally, full fusion occurs if the hemifusion intermediate ruptures and forms an aqueous channel through the two bilayers that allows for the transfer of contents. 16, 17 Experimental approaches have been valuable in characterizing several of these transitions, including the magnitude of the repulsive hydration force, 10, 11 barrier to lipid mixing, 15 and expansion of the stalk. 16, 18 However, detailed molecular insight into the nature of these transitions is difficult to assay experimentally but is necessary to understand the role of various components in the fusion pathway, such as fusion proteins 19 or different lipid compositions. 10, 20 Recently, computer simulations have become increasingly valuable in understanding the mechanism of fusion by providing this missing molecular detail. 9, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In particular, particle-based molecular simulations are capable of resolving the lipid mixing that marks the onset of stalk formation. Multiple different simulation methodologies have led to the identification of a pre-stalk transition involving the stochastic protrusion of hydrophobic lipid tails into the solvent layer between two vesicles. 23, [31] [32] [33] [34] [35] Contact between protruding lipid tails has been established as a transition state prior to stalk formation; if such contact occurs, the pre-stalk intermediate may relax to a metastable stalk. 32, 33, 36 As a result, it is critical to understand the conditions under which tail protrusions are promoted in order to identify membrane components that encourage the pre-stalk transition. Moreover, similar lipid tail protrusions have been shown to trigger the spontaneous insertion of amphiphilic nanoparticles into lipid bilayers, 37 raising the possibility that these stochastic fluctuations may be important in other processes involving contact between hydrophobic molecules and the bilayer core. Molecular dynamics simulations and neutron diffraction experiments have provided direct evidence for the incidence of these protrusions, with a substantial concentration of acyl-chain methyl groups observed to intercalate with lipid head groups and access interfacial solvent molecules in phospholipid bilayers. 38 In addition, recent simulations have examined related lipid fluctuations, such as the formation of hydrophobic defects [39] [40] [41] or lipid desorption. 42, 43 To the best of our knowledge, however, no substantial study has yet been performed to systematically investigate the factors that influence the likelihood of lipid tail protrusions in protein-free bilayers.
In this work, we use atomistic molecular dynamics simulations to quantify the likelihood of observing the spontaneous protrusion of a single lipid tail into aqueous solution. We further use umbrella sampling simulations to calculate the potential of mean force (PMF) required to induce a protrusion, then compare PMFs for several different lipid compositions. The PMFs show that the free energy cost for a protrusion depends on lipid tail saturation and the location of the protruding lipid tail atom but is insensitive to tail length in lipids with phosphatidylcholine head groups. The preference of atoms near the head group or near the tail end to protrude leads to the classification of both "elbow" and "splay" protrusion modes, respectively. Moreover, we find a significant increase in the PMF below a critical level of bilayer hydration corresponding to the interpenetration of lipid head groups. To supplement these free energy calculations, we calculate the protrusion likelihood from unbiased simulations of bilayers with different compositions, curvature, and hydration. We find that protrusions occur on an approximately 100 ns timescale depending on the extent of solvent exposure. Crucially, we observe that bilayer curvature can substantially increase the incidence of these protrusion events relative to planar bilayers. This work shines significant physical insight into the likelihood of observing spontaneous protrusions in planar and curved homogeneous bilayers and how membrane features like composition, curvature, and hydration can affect protrusion propensity, which has applications in understanding and potentially manipulating this barrier in processes of biological interest.
Methods
Atomistic molecular dynamics simulations were used to model a series of lipid bilayers to quantify protrusion likelihood. Five different single-component lipid bilayers -containing DLPC, DMPC, DPPC, POPC, or DOPCwere constructed by extracting 64 lipids from the 128 lipid pre-equilibrated bilayers provided by Poger et al. 44 All five lipid species have zwitterionic phosphatidylcholine head groups but differ in the number and saturation of carbon atoms in the tail groups (chemical structures shown in Fig. 1 and Fig. S1 ). The 64 lipids were resolvated to have 50-60 water molecules per lipid. One bilayer, composed of DOPC, was simulated at both 300 K and 323 K. All other bilayers were run at 323 K, a temperature well above the gel-fluid phase transition (Table S1 ). We also investigated the effect of bilayer hydration, curvature, and inhomogeneity on the likelihood of lipid tail protrusion. 64 lipid DOPC bilayers were prepared with 5, 7, 10, 25, and 60 water molecules per lipid to vary the water layer thickness and simulated at 300 K. Bilayers constructed with a binary mixture of lipids that differed in either tail length (DPPC/DLPC) or tail saturation (DPPC/DOPC) were prepared through a reverse coarse-graining procedure 45 using the MARTINI force field 46 as described in the Supplementary Information (Fig. S2) . Each mixed bilayer contained 512 lipids in a 1:1 ratio of the two components, with the larger bilayer size permitting suitable lipid interdiffusion, and was simulated at 323 K. Finally, a 50 lipid DOPC micelle and a 900 lipid DOPC vesicle were both constructed using a similar reverse coarse-graining procedure (Fig. S2) . Physical properties of all systems simulated are summarized in Table S1 .
All systems were modeled using the GRO-MOS 54a7 force field with the SPC water model. 44, 47, 48 A leap-frog molecular dynamics integrator was used with a timestep of 2 fs. System configurations were saved every 20 ps. All bonds were constrained using the LINCS algorithm.
49 Long-range electrostatic interactions were modeled using the smooth particle mesh Ewald (PME) method with a grid spacing of 0.12 nm and fourth-order interpolation. The neighbor list cutoff, van der Waals cutoff, and short-range electrostatics cutoff were all set to 1.0 nm to match recent simulation methods. 50 Constant temperature was maintained at either 300 K or 323 K using a velocity-rescale thermostat with a timestep of 0.1 ps. Constant pressure was maintained at 1 bar using either a Berendsen or Parrinello-Rahman barostat. Semiisotropic pressure coupling was used to decouple box motion in the x/y and z dimensions for planar bilayers while isotropic pressure coupling was used for the spherically symmetric micelle and vesicle systems. For both barostats, a 1.0 ps time constant was used and the isothermal compressibility was set to 4.5 ×10 −5 bar −1 . Most simulations were first equilibrated for 20 ns using the Berendsen barostat then an additional 100 ns using the ParrinelloRahman barostat. The dehydrated systems were equilibrated for an additional 100 ns using a Parrinello-Rahman barostat due to the observation of a slow drift in the area per lipid after 100 ns. Shorter equilibration times were used for the micelle and vesicle due to the previous long equilibration using the MARTINI force field (see Supplemental Information). Simulations were repeated at least once from distinct initial velocities. All simulation parameters are summarized in Table S2 . Simulations were performed using Gromacs version 4.6.1.
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Lipid protrusions were identified in the unbiased simulations by calculating the distance between a hydrophobic atom in a lipid tail and the same lipid's phosphorus atom. This distance was then projected along the membrane normal (i.e. the z-axis) and defined as d p . If d p exceeded a threshold value for any tail atom the lipid was recorded as a protrusion. The same definition has been used previously in determining the likelihood of vesicle fusion. The potential of mean force (PMF) for a lipid protrusion was calculated from umbrella sampling simulations using the Weighted Histogram Analysis Method (WHAM). 53, 54 The reaction coordinate for umbrella sampling was defined as the distance from the center of mass (COM) of the bilayer along the membrane normal. Umbrella sampling windows were spaced by 0.1 nm with the number of windows determined from the thickness of the bilayer (Table  S2) . For each window, a single united atom bead was first pulled for 2 ns to the desired distance from the bilayer COM using a har- Figure 1 : Lipid structure and protrusion definition. a Chemical structure of DOPC and simulation representation. Atom indices in both tails are numbered starting from the glycerol group. b Example protrusion and definition of d p , the distance between a hydrophobic tail atom and the same lipid's phosphorus atom projected along the membrane normal. Several additional phosphorus atoms are shown to illustrate that they are roughly coplanar in the bilayer. Lipid tails are in white, the phosphate group in yellow, the choline group in blue, and water in cyan. All images were generated using Visual Molecular Dynamics.
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monic potential with a spring constant of 500 kJ/mol/nm 2 . The spring constant was then increased to 3000 kJ/mol/nm 2 to restrain the atom for another 2 ns of equilibration before 70 ns of umbrella sampling were performed with the same spring constant. All atoms of the lipid being restrained were excluded from the bilayer COM calculation. For systems with a single bilayer, two lipid protrusions were induced simultaneously to reduce computational expense as shown in Fig. S4 . 42 For the DOPC bilay-ers with varying levels of hydration, a double bilayer system was created by duplicating two equilibrated bilayers with the desired level of hydration along the z-axis. A single lipid was then restrained in umbrella sampling as shown in Fig. S5 . The PMF was calculated using the program g wham with 201 bins. 55 All plots in the results show two independent PMF curves with the minimum set to 0. The convergence of a typical PMF plot within 70 ns is shown in Fig. S6 .
Results

Protrusion likelihood from unbiased simulations
As a first examination of protrusion likelihood, Fig. 2 shows the time-averaged number of protrusions per lipid determined from 200 ns unbiased simulations of 64-lipid bilayers. Protrusion likelihood from two samples each is reported for all five single-component bilayer compositions and for both DOPC temperatures to test the effect of lipid structural properties. While the protrusion likelihood increases slightly with increased system size (as shown in Fig. 9 ) due to stronger bending undulations in larger bilayers, we compare protrusion likelihood between bilayers containing 64 lipids to maintain consistency with the PMF calculations and to focus on differences in protrusion frequency as a function of lipid composition. Three threshold values of d p were considered: 0.1 nm, 0.2 nm, and 0.3 nm. All three values are in excess of the threshold previously used to show a correlation between tail protrusions and successful vesicle fusion. 34 The results indicate that tail protrusions are rare events for all bilayer compositions, with only approximately 1 in 500 lipids protruding for any given system snapshot for the d p ≥ 0.1 nm threshold. The total protrusion propensity diminishes significantly with an increase in d p with only 1 in 5,000 lipids protruding for the threshold of d p ≥ 0.3 nm. While the increase in observed protrusions between the DOPC bilayer at 300 K and 323 K can be attributed to the increase in attempt prob- Average number of protrusions / lipid ability or additional thermal energy available at the elevated temperature, changes in protrusion likelihood between different lipids did not correlate with properties such as bilayer thickness, area per lipid, or tail length (c.f. Table  S1 ). As the difference in protrusion probability was within 50% for all lipids studied, it is possible that the differences reflect sampling limitations due to the infrequent observation of protrusions. We can therefore conclude that protrusion probability is unaffected by lipid type in bilayers composed of lipids with phosphatidylcholine head groups.
A next question is whether particular tail atoms preferentially protrude. Figure 3 shows the fraction of total protruding atoms for each bead in the DOPC tails measured from the simulations at 300 K using a threshold of d p ≥ 0.1 nm. Each tail atom is numbered according to the legend in Fig. 1a . The results indicate a clear preference for two protrusion modes that we classified as "elbow" or "splay" depending on whether the protruding atom was located near the lipid head group or end of the tail respectively. Example snapshots of each are shown in Fig. 3 . Elbow protrusions were more common than splay for all lipid types as shown in Fig. S7 (Fig. 4 in Ref. 31 ) also illustrate pre-stalk intermediates involving elbow protrusion contact. The shallow elbow protrusions may also be similar to the hydrophobic defects reported by Vanni and co-workers as related to peripheral protein binding. [39] [40] [41] 56 Finally, both types of protrusions have been observed to trigger the insertion of nanoparticles into bilayers through the edge of bilayer defects, 37 indicating their importance in processes other than vesicle fusion.
The previous unbiased results report protrusion likelihood as a time-averaged number of protrusions per lipid. Fig. S8 alternatively reports the number of protrusions per lipid per nanosecond as a measure of protrusion frequency. Only unique events were counted by disregarding protruding tails that were also protruding in the previous simulation snapshot. Elbow protrusions occurred over a timescale of approximately 10-100 ns per lipid depending on the value of d p while splay protrusions were observed on a timescale of approximately 100-1,000 ns. The overall trends in protrusion frequency mirrored the measurements in Fig. 4 . Given that stalk formation requires either a single splay protrusion to extend across the entire solvent region or multiple protrusions contacting within the solvent region, the relatively long timescales for these processes explain why planar bilayers, or a vesicle and a planar bilayer, have not been shown to fuse within simulation timescales without perturbing the system.
32,36
Protrusion potential of mean force
To complement the unbiased simulations, the potential of mean force (PMF) for generating a protrusion was calculated for the same set of lipid compositions. Note that we utilized 64-lipid bilayers here due to the high computational expense of calculating the PMFs for lipid protrusions. As previously mentioned, the effective likelihood of protrusion is slightly de- creased as system size is reduced, mainly due to finite size effects such as the suppression of bilayer undulations. The PMFs computed here can therefore be interpreted as an upper bound on the barrier for lipid tail protrusion into solvent. Figure 4 shows the PMF for a splay protrusion in a DOPC bilayer at 300 K calculated by restraining the last atom of the sn-1 lipid tail. Electron densities of water, the hydrophobic lipid tails, and phosphate atoms in the system are also plotted on the same axes as the PMF. The dashed line corresponds to the location of peak phosphate density where d p = 0 as defined previously. The PMF profile demonstrates two approximately linear regimes with distinct slopes that can be identified by comparison with the electron density plots. In the initial, low-slope regime, the protrusion is coordinated by an increasing density of lipid tail groups, indicating largely a steric/entropic barrier. The point where the slope of the PMF changes coincides with an increase in water density that tracks the PMF. The exposure of the hydrophobic lipid tail to water leads to a large barrier. Fig. S9 shows coordination numbers for the protruding lipid to confirm that the electron densities reflect the distribution of components around the protruding tail. From the PMF, the free energy cost for inducing protrusions to the phosphate peak is approximately 5 kcal/mol, or 8.4 kT at 300 K, and the barrier grows with a slope of 6.6 kcal/mol/nm.
Assuming that the change in protrusion likelihood is proportional to e −∆F/kT , where ∆F is the change in the PMF, the calculated slope predicts a decrease in protrusion probability by a factor of 0. Fig. 2 , indicating that the change in protrusion likelihood can be attributed to the thermodynamic cost captured in the PMF. The magnitude of the PMF is also similar to previous estimates for protrusions induced prior to vesicle fusion. 32 It should also be noted that all of these previous estimates use coarse-grained models, unlike the atomistic model employed here, that may less accurately account for contributions to the PMF associated with lipid degrees of freedom. The measured PMF thus confirms the trends identified in Fig. 2 , compares reasonably to other simulation findings, and suggests that changes in protrusion likelihood can be mapped directly to protrusion thermodynamics.
Next, PMFs for pulling on various beads in the sn-1 tail of a DOPC lipid were calculated at 300 K. Fig. 5 shows PMFs for the different atoms labeled in the DOPC chemical struc- ture. The barrier for protrusion is lower for beads near the end of the lipid tail (black lines) and near the glycerol group (green lines), corresponding to the observed preference for splay and elbow protrusions respectively (Fig. 3) . Likewise, the free energy barrier for protrusion of the middle beads (red and blue lines) is significantly higher, which is consistent with the near-zero protrusion probability of the middle beads in Fig. 3 . Pulling on atoms near the middle of the tail induces the exposure of adjacent atoms to solvent, unlike elbow or splay protrusions near the chain ends (see snapshots in Fig.  3 ). This behavior explains the higher PMF for the middle atoms and the minimal probability of observing such protrusions in unbiased simulations. There is a small difference in the barrier for inducing a splay or elbow protrusion to d p = 0 which may partially explain the higher frequency of elbow protrusions (Fig. 3) , although this may also be due to the proximity of the elbow atoms to the solvent interface that allows more frequent protrusion attempts. The slope of the splay PMF is also lower than that of the elbow PMF as the tail enter the sol- To compare the free energy barrier for protrusions in lipids of varying tail length and saturation, the PMF for inducing a splay protrusion was computed for DLPC, DMPC, DPPC, DOPC, and both tails of POPC at 323 K. To compare bilayers with different thicknesses (c.f. Table S1), the reaction coordinate is expressed as the distance from the maximum of the phosphate peak, a measure effectively equivalent to d p . Fig. 6a shows that all three saturated lipids have nearly identical PMFs despite different tail lengths. Fig. 6b compares the unsaturated tail of POPC with the unsaturated lipid of identical tail length, DOPC, and compares the saturated tail with the equivalent lipid DPPC. The PMFs between the saturated and unsaturated tails of POPC are nearly identical to the corresponding DOPC and DPPC PMFs, indicating that the PMF only depends on the degree of tail saturation and not on the complete bilayer structure. Moreover, the PMFs between the unsaturated and saturated tails only differ in a plateau region where the distance to the phosphate peak is approximately −1.0 to −0.5 nm. The slight decrease in the PMF in this region may be attributed to the "kink" caused by the cis conformation of the double bond in the unsaturated tail. While the overall magnitude of the barrier does not decrease significantly, and as a result does not appear to correlate with the unbiased probability likelihood (Fig.  2) , the observed effect of a single double bond suggests that polyunsaturated lipids may exhibit much higher protrusion frequencies. Previous experimental measurements have shown that acyl chains in polyunsaturated lipids do reside closer to the head group-solvent interface, supporting this possibility.
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Effect of bilayer hydration
Prior to stalk formation, two bilayers must come into close proximity by dehydrating the local interface. 12 This dehydration may potentially impact the protrusion of lipid tails into the thinned intervening solvent layer. PMFs were computed for DOPC double bilayers at 300 K with 5, 7, 10, 25, and 60 water molecules per lipid corresponding to water layer thicknesses (D w ) of 0.6 nm, 0.8 nm, 1.1 nm, 2.5 nm, and 5.7 nm respectively. The water layer thickness was estimated from the distance between phosphate peaks in electron density profiles of the dehydrated bilayers as discussed in the Supplemental Information and Fig. S5 . Figure 7 shows that the PMF is relatively unaffected for hydration levels as low as 7 water molecules per lipid (D w = 0.8 nm). For a hydration of 5 water molecules per lipid (D w = 0.6 nm) there is a large increase in the PMF leading to a significantly higher protrusion barrier. Unbiased calculations also show a drop in the average number of protrusions for bilayers for only this level of hydration (Fig. S8f) . At this water layer thickness, there is substantial interpenetration between head groups in the apposed bilayers as shown by the electron density plots in Fig.  S5 and observed in previous simulations.
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The enhanced head group density could act as a steric barrier to protrusions, explaining the PMF increase. Moreover, a recent study of the dynamics of lipids and water under the same dehydrated conditions has shown that the lipids in both apposed bilayers co-diffuse and exhibit slowed, glassy dynamics. 60 Given this coupling and the necessity of rearranging nearby lipids to access the aqueous interface, the low-hydration PMF may include contributions for deforming both bilayers in the double bilayer system.
The hydration PMFs suggest that there is an optimal inter-bilayer separation at which lipid protrusions are most likely and hence stalk formation should be preferred. The results indicate that protrusion contact would be most probable when two bilayers approach to within a distance of approximately 0.8 nm (7 water molecules/lipid) in order to minimize the distance to which protrusions need to extend but without incurring the additional free energy cost associated with lower hydrations (i.e. 5 water molecules/lipid). In recent experimental work, Aeffner et al. found that the critical distance for spontaneous stalk formation was measured as approximately 0.9 nm independent of lipid composition.
10 Moreover, after stalk formation, the water layer thickness suddenly increased for most bilayers, suggesting that the critical distance may not be set by the stability of the stalk. This distance corresponds to a hydration level in between 7 and 10 water molecules/lipid based on our measurements, where the PMF for inducing a protrusion is identical to the bulk values as shown in Fig.  7 . The authors also suggested that 0.9 nm is a critical distance at which splay protrusions can come into contact as a pre-stalk intermediate. Our results support this hypothesis by showing that 0.9 nm is approximately the closest separation that bilayers can approach before the cost for protrusions dramatically increases, implying that the pre-stalk transition should occur near this distance before relaxing into a stable stalk. Moreover, the independence of the 0.9 nm critical distance on lipid composition agrees with the similarity of the PMFs shown in Fig. 6 for several different bilayer compositions.
Protrusion likelihood in curved and mixed bilayers
An important factor that may affect protrusion likelihood is bilayer curvature. In previous simulations, low-curvature planar single-component bilayers were not observed to spontaneously fuse, 32, 36 while high curvature vesicles could fuse within short simulation timescales. 32, 33 This observation was commensurate with experimental investigations of lipid vesicles with re-constituted SNARE proteins, where vesicle fusion efficiency and size of the supramolecular SNARE complex was proportional to membrane curvature.
6 High membrane curvature is associated with a number of effects, such as lateral membrane stresses, which may explain this enhanced likelihood of fusion. We hypothesize that membrane curvature may additionally increase the likelihood of solvent-exposed lipid tail protrusions. As previously discussed, these protrusions have been shown to play an essential part in driving membrane fusion, 32, 33, 36 so understanding the relationship between membrane curvature and protrusion likelihood may provide additional insights into the role of curvature in driving membrane fusion.
To test this effect, a small DOPC vesicle (13.2 nm in diameter) and micelle (5.0 nm in diameter) were compared to a planar DOPC bilayer. The micelle represents an effective extreme of curvature due to its small diameter, and is hence utilized here to investigate how the presence of large curvature affects the likelihood of lipid tail protrusions. Snapshots of the different systems are illustrated in Fig. 8a . Fig. 8b shows the average number of protrusions per lipid for these three structures for different threshold values of d p . The protrusion likelihoods reported for the planar bilayer are slightly different than those reported in Fig. 2 because they are calculated using a slightly different algorithm developed for the curved bilayers as discussed in the Methods and Supplemental Information (Fig. S3) . The trends in protrusion likelihood as a function of d p are preserved, however. Fig. 8b shows a large increase in the average number of protrusions as the curvature increases, with the micelle exhibiting a 2. cle. These results agree with the previous finding of lipid tail "backfolding" in the outer leaflet of lipid vesicles where the separation of head groups induced by the curvature causes lipid tails to access free volume in the head group region. 61 This behavior also leads to an increase in the relative proportion of splay protrusions as shown in Fig. 8c , with splay becoming the dominant protrusion mode for the small micelle. The proportion of splay protrusions also increases with d p , agreeing with the PMF in Fig. 5 which shows a lower slope for splay as opposed to elbow protrusions, an effect magnified in the curved bilayers. Given this shift in the relative frequency of splay protrusions, the likelihood of observing a splay protrusion increases by a factor of 13.2 for the vesicle and 76.5 for the micelle for d p ≥ 0.1 nm. This large increase in splay protrusion frequency with curvature explains why simulations of small vesicles lead to the observation of spontaneous fusion, especially given that a single splay protrusion may be sufficient to drive stalk formation.
36
It is important to note that unlike the singlecomponent bilayers considered so far, biological membranes are complex assemblies of multiple lipid species and other molecules 62 that may exhibit distinct protrusion propensities. For example, prior simulations have shown that membrane-active fusion peptides may promote lipid tail protrusions by locally disordering lipid tails, 34 with a similar increase observed in the vicinity of membrane-embedded nanoparticles. 63 To assess whether a similar increase in protrusion incidence would emerge in bilayers that are assembled from a mixture of phosphotidylcholine lipids, we constructed bilayers from binary mixtures of lipids differing either in tail length (DPPC/DLPC) or tail saturation (DPPC/DOPC) and calculated the average number of protrusions per lipid from unbiased simulations. Lipid interdiffusion was achieved by initially simulating for 3 µs with a coarse-grained force field prior to reverse coarse-graining the system back to atomistic resolution as detailed in the Supplemental Information. A system size of 512 lipids was necessary for simulating the mixed bilayers in order to properly capture lipid interdiffusion. To compare mixed bilayer protrusion frequencies with single-component ones, we re-calculated DOPC, DLPC, and DPPC protrusion frequencies from 512-lipid single-component bilayers in order to rule out system size effects. from single-component 64-lipid simulations are also shown for reference. Simulation snapshots illustrate the extent of lipid mixing. We observe minimal difference in the likelihood of protrusion between mixed bilayers and singlecomponent ones, as calculated from 512-lipid systems. Through additional analysis, we also find that the nature of the surrounding lipids, specifically the six nearest neighbors, does not alter the propensity of forming protrusions in the mixed bilayers (data not shown). We can therefore conclude that protrusion likelihood is not enhanced in bilayers that are assembled from binary mixtures of phosphotidylcholine lipids that differ in either tail length or tail sat-uration. Comparing the protrusion frequency for each lipid type in Fig. 9 between the 64-lipid and 512-lipid bilayers also reveals that system size does affect protrusion likelihood, as the single-component protrusion frequencies calculated from the 512-lipid bilayers are greater than those calculated from 64-lipid bilayers. In visualizing simulation trajectories, as shown in the included Supplementary Video for DLPC bilayers, we observe more pronounced bending undulations in the 512-lipid bilayers compared to the 64-lipid ones. These bending undulations are associated with higher membrane curvature, so the increase in protrusion frequency with system size additionally supports the hypothesis that the presence of membrane curvature increases the likelihood of lipid tail protrusions.
Discussion
Using atomistic molecular dynamics simulations, we quantified the likelihood of observing protruding solvent-exposed lipid tails in lipid bilayers as a function of bilayer composition, hydration, and curvature. Unbiased simulations of 5 different zwitterionic lipid compositions varying in tail saturation and length showed that on average only 0.2-0.3% of lipids protrude into solvent for any given simulation snapshot when protrusions were identified with the lowest threshold value of d p = 0.1 nm. This value fell by an order of magnitude if the threshold was increased to d p = 0.3 nm. Two protrusion modes were identified, with most protrusions in planar bilayers characterized as "elbow" protrusions where hydrophobic atoms near the lipid head group entered solvent. In contrast, "splay" protrusions, involved the exposure of atoms near the end of a lipid tail, were more likely in curved vesicles or micelles. The same simulations also showed that elbow protrusions occurred on a timescale of approximately 10-100 ns per lipid while splay protrusions appeared on a timescale of 100-1,000 ns depending on the distance threshold.
The potential of mean force for inducing a protrusion was also calculated for a similar set of bilayer systems. The PMFs identified an energy barrier of approximately 8.4 kT to induce a protrusion to the phosphate peak at d p = 0.0 nm, with a slope of 11.1 kT per nm for protruding farther into solution. The origin of this barrier was largely due to water contact and as a result independent of lipid species with the exception of a small decrease in the barrier for unsaturated DOPC and POPC lipid tails. The PMFs also confirmed a slight preference for elbow protrusions at the interface and splay protrusions at increasing distances from the bilayer center. PMFs between bilayers of decreasing water layer thickness were nearly identical until a critical thickness of 0.6 nm was reached at which point bilayer head groups began to interpenetrate and the PMF significantly increased. These results indicate a preferred inter-bilayer separation of approximately 0.8 nm where protrusion contact is most likely, which agrees well with experimental measurements of stalk formation at a critical threshold of 0.9 nm. 10 The increase in the barrier for tail protrusion in highly dehydrated bilayers may also emphasize the importance of fusion peptides for driving fusion in bilayers that are in close proximity as they can increase protrusion propensity.
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The likelihood of lipid tail protrusions was generally unaffected by lipid type in single-and multi-component bilayers composed of lipids with phosphatidylcholine head groups, and was only observed to decrease when the bilayers were dehydrated to below a critical threshold corresponding to an interbilayer separation of approximately 0.6 nm. Studying protrusion probability in bilayers with high curvature, however, showed conditions under which the protrusion probability could significantly increase. Specifically, protrusion probability in curved vesicles and micelles was observed to increase over planar bilayers by factors of 1.39 and 2.40 respectively. To put these values in context, prior simulations have found that membrane-active fusion peptides may increase protrusion propensity by a factor as large as 4-6x 33,34 while membrane-embedded nanoparticles may increase protrusions locally by a factor of up to 4.2x. 63 The effect of modified properties in protein-free bilayers is less signif-icant; however, it is also possible that these effects are additive in curved bilayers with multiple lipid compositions and perturbing proteins/nanoparticles, and future work will explore this possibility.
The results of this study suggest several avenues for future exploration. The observation of increased protrusion likelihood for curved membranes and a decreased PMF for unsaturated lipids indicates that alternative lipid compositions may have a significant effect. For example, recent work has shown that lipids with negative intrinsic curvature can produce properties similar to the positive curvature exhibited by micelles or vesicles, and thus may increase protrusion probabilities in a similar fashion.
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Similarly, polyunsaturated lipids may increase protrusion propensity significantly. While we did not observe protrusion probability to substantially increase in mixed bilayers composed of lipids with phosphatidylcholine head groups, it is likely that bilayers containing a mixture of other lipid types and mimicking the true composition of biological membranes may exhibit much larger protrusion probabilities. Similarly, the presence of membrane-active proteins and other molecules may also increase protrusion likelihood. For example, prior simulations have shown that membrane-active fusion peptides may promote lipid tail protrusions by locally disordering lipid tails, 34 with a similar increase observed in the vicinity of membraneembedded nanoparticles. 63 Of particular interest is whether systems with lipid domains, such as lipid rafts, promote protrusions at domain interfaces where the bilayer is locally perturbed. Previous studies have shown that raft boundaries are binding targets for proteins 64, 65 which may be related to an enhanced likelihood of protrusion contact in analogy to the protrusion contact that triggers nanoparticle insertion. 37 Finally, it will be important to ascertain whether coarse-grained force fields, such as the MARTINI force field, are able to identify trends in protrusion propensity. Using such coarse-grained approaches will enable the proposed simulations of rafts, 66 diverse lipid components, 62 and vesicles with mixed lipid compositions 41 that are computationally challenging using atomistic approaches. Future work will directly compare the results of these atomistic simulations to coarse-grained models with the goal of developing improved methods to study protrusion propensity in complex membranemimicking systems.
Conclusions
In this work, we utilized atomistic molecular dynamics simulations to study the relationship between lipid bilayer composition, curvature, and hydration on the ability of lipid tails to spontaneously protrude into solvent. Previous work has established that these lipid fluctuations play an essential role in biologically ubiquitous processes like membrane fusion, and this work is one of the first efforts to comprehensively profile the dependence of lipid tail protrusions on membrane characteristics. We used unbiased molecular dynamics simulations in conjunction with potential of mean force calculations to identify elbow and splay protrusions as the dominant modes of lipid tail infiltration of solvent. The potential of mean force for protrusion indicated an energy barrier for colocating lipid tail atoms into the bilayer head group region, and a larger barrier as the hydrophobic lipid tail protruded further and intercalated with the solvent molecules. The PMFs and unbiased simulations indicated that the likelihood for protrusion was relatively insensitive to lipid type in single-and multi-component bilayers composed of lipids with phosphatidylcholine head groups. In contrast, the propensity for tail protrusion was enhanced by the presence of membrane curvature, with increased curvature particularly associated with substantial increase in the incidence of splay mode of protrusion. We also highlighted the role of membrane dehydration below a critical threshold in potentially suppressing the ability of lipid tails to protrude towards solvent, and discussed the implications of this dependence in biological fusion processes.
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